Multilayer silicene, the silicon analogue of multilayer graphene, grown on silver (111) surfaces, possesses a honeycomb (ͱ3 Â ͱ3)R30 reconstruction, observed by scanning tunnelling microscopy at room temperature, past the initial formation of the dominant, 3Â3 reconstructed, silicene monolayer. For a few layers silicene film we measure by synchrotron radiation photoelectron spectroscopy, a cone-like dispersion at the Brillouin zone centre due to band folding. p* and p states meet at $0.25 eV below the Fermi level, providing clear evidence of the presence of gapless Dirac fermions. V C 2013 AIP Publishing LLC [http://dx
Multilayer silicene, the silicon analogue of multilayer graphene, grown on silver (111) surfaces, possesses a honeycomb (ͱ3 Â ͱ3) R30 reconstruction, observed by scanning tunnelling microscopy at room temperature, past the initial formation of the dominant, 3Â3 reconstructed, silicene monolayer. For a few layers silicene film we measure by synchrotron radiation photoelectron spectroscopy, a cone-like dispersion at the Brillouin zone centre due to band folding. p* and p states meet at $0. 25 Silicene, graphene's cousin, 1 is a single layer of silicon atoms arranged in a two-dimensional (2D) honeycomb lattice. Its occurrence was first theorized some years ago, [2] [3] [4] [5] [6] but only recently it has been synthesized as a silicon allotrope, which does not exist in nature. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] This new form of silicon has recently attracted considerable interest, because its topology confers to it the same remarkable electronic properties as those of graphene, with the potential advantage of being easily integrated in current Si-based nano/micro-electronics devices. 18 Silicene has been shown to exhibit massless relativistic behavior for its quasiparticles in the vicinity of the Dirac points 7, 13 with a very high Fermi velocity, similar to that of free standing graphene. 19 Single layer epitaxial silicene grown on silver (111) surfaces forms a 4 Â 4 super cell with respect to the substrate as shown in Scanning Tunnelling Microscopy (STM) and low energy electron diffraction (LEED) experiments; 7, 8 in other words, in real space, the 3 lattice vectors of silicene exactly match the 4 lattice vectors of silver. Consequently, the aforementioned 4 Â 4 supercell corresponds to a 3 Â 3 reconstruction of silicene. (We shall refer to this correspondence throughout the present letter by the notation 3 Â 3.) Synchrotron radiation angle-resolved photoelectron spectroscopy measurements have shown that the silicene p band produces a linear dispersion attributed to a Dirac cone.
reconstruction with respect to silicene has recently been reported and interpreted as arising from both second layer silicene atoms, as well as from those in direct contact with the silver substrate. 13 The occurrence of bilayer or multilayer graphenes are well-documented, 16, [20] [21] [22] [23] [24] [25] typically forming on silicon carbide. A similar behaviour might well be expected for silicene, [26] [27] [28] which could also potentially arise the multilayer stacking. Band structure theoretical calculations under electrical field 29 for both freestanding and bilayer silicene, in a Bernal-type stacking, predict electronic properties akin to those of topological insulators. In this bilayer silicene, the gap closes due to the trigonal warping effect. 29 In this letter, we give a direct evidence of the key electronic signature of Dirac fermions in multilayer silicene grown on Ag(111) substrates at room temperature (RT), as recently obtained by Vogt et al. 30 The growth of silicene on Ag(111) determined by Auger electron spectroscopy (AES) corresponds to a layer-plus-island mode, where epitaxial silicene islands, oberved by STM display a ͱ3 Â ͱ3-R(30 ) reconstruction with respect to free standing silicene. These islands grow past one monolayer silicene sheet, which has dominantly 3 Â 3 and occasionally ͱ7Âͱ7-R(619 1) coincidence cells. 8 We have observed the presence of ͱ3 Â ͱ3-R(30 ) reconstruction up to level 13 of these multilayer silicene islands. 30 Angle-resolved photoemission spectroscopy measurements (ARPES) has especially revealed the existence of Dirac fermions at the center (C 0 point) of the Brillouin zone (BZ), where the K and K 0 points of 1 Â 1 silicene BZ fold due to the ͱ3 Â ͱ3-R(30 ) reconstruction. The Ag(111) substrate was cleaned in the UHV chamber (base pressure: 7.0 Â 10 À11 mbar) by repeatedly sputtering with Ar þ ions and annealing the substrate at 750 K, while keeping the pressure below 1 Â 10 À10 mbar during heating. An infrared pyrometer and a thermocouple were used to measure the sample temperature. Si was evaporated at a rate of $0.03 ML/min from a Si source. AES/LEED measurements/observations have been performed at CNR-ISM (Roma, Italy), whereas STM/LEED observations have been performed at the CNRS-CINaM (Marseille, France). The Ag substrate was kept at T $ 470 K to produce the (3 Â 3) single layer epitaxial silicene (giving a (4 Â 4) LEED pattern with reference to Ag(111)) and next multilayer islands. The silicene growth curve was obtained by Auger electron spectroscopy at 470 K and LEED patterns were recorded at each a)
Author to whom correspondence should be addressed. measured point at RT. The STM images were recorded at RT in constant-current mode. The z-piezo drive has been precisely calibrated with the 0.24 nm height of a monoatomic Ag(111) step of the bare surface. AES and/or X-ray photoemission spectroscopy measurements made after each silicene deposition never showed surface contaminants. ARPES data for Si covered Ag(111) surfaces characterized by their LEED patterns have been taken at the ANTARES beamline of the French (SOLEIL, Saint Aubin) synchrotron radiation facilities with energy resolution better than 20 meV. The photoemission spectra were acquired at RT by using the angular resolved mode of the electron energy analyser with an acceptance of $24
and $30 (SCIENTA R4000). The photon energy was set to 126 eV. All the energies are referred to the Fermi level E F.
We have investigated the growth mode of silicon on silver (111) at $470 K by recording both silicon LVV and silver MNN AES signals while correlatively observing the evolution of the LEED patterns ( Fig. 1(a) ). The variation of the AES signals directly reveals a layer-plus-islands growth mode. 31 At each step of Si coverage, a LEED pattern was acquired at RT. Below one monolayer coverage (1 ML) the 3 Â 3 silicene structure was observed where all one-third order spots were observed, in good agreement with the literature. 7, 8 At this growth temperature, we have obtained an almost pure 3 Â 3 silicene phase; still, a weak ͱ7 Â ͱ7-R(619 1) contribution can be noticed as two extra spots on each side of the integer order silicene spots. 32 After completion of one monolayer, the 1/3,1/3 order silicene spots (and their symmetric equivalents) become markedly stronger in intensity, subsequently yielding a pure ͱ3 Â ͱ3-R(30 ) LEED pattern (From here on ͱ3 Â ͱ3). This last symmetry persists up to rather high silicon coverages ($10 MLs equivalent).
In accord with the observations of Arafune et al., 32 the second layer islands display aͱ3 Â ͱ3 unit cell in STM imaging (with reference to silicene) (see Fig. 1(b) ). We note that the ͱ3 Â ͱ3 structure has been previously observed by STM at low temperature by Feng et al. 12 as the one silicene monolayer. At variance, at RT, Fig. 1(c) , unambiguously assigns it to the second silicene layer: we have never observed direct growth (layer in contact with silver) of the ͱ3 Â ͱ3 structure at RT.
During synchrotron radiation photoemission measurements we confirmed the layer-plus-islands silicene growth mode upon recording the Si 2p/Ag 3d core-level intensity ratios versus Si coverage at $470 K. Then, ARPES was used to obtain the key electronic signature of multilayer ͱ3Âͱ3 silicene. In reciprocal space, the arrangement of BZs of such epitaxial silicene layers is depicted in Fig. 2(a) ; it pinpoints the electronic properties of epitaxial silicene. Indeed, directly associated to the coincidence cell, the expected band folding could give rise to a Dirac cone at the zone centre C 0 because the K (1Â1)Silicene and K
0
(1 Â 1)Silicene points fold right there. Indeed, we found K-and V-shape bands at C 0 as shown in Fig. 2(b) , where the dispersion is collected at C 0 (along C! K silicene ) on (ͱ3 Â ͱ3) silicene (4.5 equivalent silicene MLs). The waterfall line profiles of the dispersion are displayed in Fig. 2(c) as a guide for the eyes. These features are more and more evident as a function of silicene multilayer stacking formation.
We assign the K-and V-shape linear bands to p and p* Dirac cones stemming from (ͱ3 Â ͱ3) multilayer silicene. The p* states are partially filled, due to charge transfer from the Ag(111) substrate, while no gap between the p and p* bands is detected; their crossing locates the Dirac point at $0.25 eV. Furthermore, a very high RT Fermi velocity of $ 0.3 Â 10 6 ms À1 is obtained, still a bit smaller than that obtained by empty states STM measurements of quantum interference patterns at low temperature by Chen et al. 13 We note another structure inside the p cone, which we assign to the remaining 3Â3 silicene layer, due to the layer-plusislands growth mode described above. When we compare with our previous results on the 3 Â 3 silicene layer, where the Dirac point was estimated at $ 0.3 eV (in fair agreement with the present value) and no p* band was detected, 7 the closure of the gap is in perfect accord with the prediction of Ezawa for bilayer silicene. 29 On the contrary we note that our findings contradict the theoretical calculations on (ͱ3 Â ͱ3)R30 silicene by Chen et al., where the p* bands were found completely empty. 14 The multilayer situation probably modifies the charge transfer to the upper silicene layer, as in graphene grown on different surfaces, where the substrate interaction can open a gap and the charge transfer can pull down the p* branch. [33] [34] [35] The situation is comparable with that of graphene epitaxially grown on SiC substrates where a 0.26 eV gap is found. This gap narrows as the number of graphene layers increases, approaching zero when this number exceeds four. 36 We stress that similar results have been recently obtained on multilayer silicene nano ribbons grown on Ag(110) surfaces, where the upward and downward shifts of the p and p* bands result in the narrowing of the gap due to the increasing separation from the Ag(110) substrate of the silicene layers, stacked as they are in graphite. 37 In summary, our ARPES results have given a clear signature of the presence of Dirac fermions in multilayer silicene with (ͱ3 Â ͱ3)R30
reconstruction. Due to its intrinsic spin-orbit coupling and buckled honeycomb geometry, epitaxial silicene can be considered akin to a two-dimensional topological insulator, as recently predicted by Ezawa, 29 characterized by a gap in the single monolayer, but exhibiting no gap in the multilayer system.
Multilayer silicene offers interesting potentialities to this silicon allotrope; being per se directly compatible with silicon micro and nano technologies, which may very well lead to opening routes for innovative device conception and fabrication. 
